Abstract. The mathematical coupling model of the unbalance rotor-rubber bearing system with lateral-torsional coupling and nonlinear friction force is established. Through numerical calculation, the coupled vibration characteristics of rotor-rubber bearing system with nonlinear friction force and the influences of the main system parameters on self-excited vibration phenomenon are investigated in detail. The results reveal that the self-excited vibration phenomenon of rotor-rubber bearing system will occur under the lower rotating frequency condition. And the self-excited vibration phenomenon can be effectively inhibited through increase the torsional damping coefficient of rubber bearing.
Introduction
Rotating machinery is widely used in many industrial section Any abnormal vibration of the rotating machinery could seriously impact the normal operation of machines. These machinery faults are often caused by coupling effect of lateral and torsional vibration and any other disturbing forces, which will lead some new frequency components. Therefore, it is valuable to investigate the nonlinear dynamic characteristics of the rotor-rubber bearing system.
The lateral vibration and torsional vibration are generally coupled by the unbalance of rotor. With the influence of lateral-torsional coupling, the lateral vibration and torsional vibration influence each other and become more complicated. In past decades, numerous results of numerical and experimental studies in this field have been published, in which some distinctive phenomena and the effect of system parameters on response of coupled vibration system are discussed [1] [2] [3] . Patel and Zuo [4] study the influence of rubbing on the coupled lateral-torsional vibrations and investigate the effect of system parameters such as rotational speed, relative inertia, coefficient of friction and contact damping on the dynamic characteristics of rotor system. Popp [5] finds that the dry friction related to speed could induce self-excited vibration. After that, many research results have discovered that the nonlinear friction depended on the relative velocity could cause self-excited vibrations in various engineering systems [6, 7] . Through test analysis and calculation results, Krauter [8] reveals the propeller shaft-bearing system will generate Squeal/Chatter at lower rotational speed.
So far, few models concern with the rotor-rubber bearing system with nonlinear friction, which focus on the dynamic characteristics of lateral-torsional coupling vibration. Recently, Hua et al. [9, 10] study the dynamic characteristics of a rotor system with the support of rubber bearing and investigate the effects of system parameters on the dynamic characteristics. However, these papers do not address the formation conditions of the rotor-rubber bearing system self-excited vibration and the influences of system parameters.
Dynamic Model of the Rotor-rubber Bearing System
In the present paper, the mass of this rotor-rubber bearing system mainly focus at one end of the shaft. Therefore, the system can be simplified into a single plane rotor-bearing system, as shown in Figure 1 .
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The rigid rotor disk is mounted at one end of a massless elastic shaft. The mass of rigid rotor disk is m and its polar moment of inertia is J . k , c , t k and t c are the lateral stiffness coefficient, lateral damping coefficient, torsional stiffness coefficient and torsional damping coefficient of the shaft respectively. The rotor unbalance is taken into account by the imbalance eccentricity radius e . The clearance between the rotor and bearing is  . The mass of rubber bearing is 1 m . The rubber bearing stiffness is nonlinear, which is given as 1 1 1 kr   , The bearing lateral damping coefficient is 1 c . Moreover, the polar moment of inertia, torsional damping coefficient, and torsional stiffness coefficient are 1 J , 1t c and 1t k , respectively. 1 o is the initial shape center of the rotor-rubber bearing system. 2 o is the shape center of running rotor. 3 o is the mass center of rotor. According to Lagrangian equation and considering all the nonconservative forces on the rotor, the governing equations of the rotor-rubber bearing system can be derived as 
where  the friction coefficient between rubber bearing and rotor, which can be expressed as
 is the static friction coefficient, 1  the Coulomb sliding friction coefficient and  the decaying factor.  is the Heaveside function, i.e. 
Numerical Simulations and Results
The governing Eq. 1 can be converted into a set of first order differential equations, as
. After that, integrate the first order differential equations by the fourth order Runge-Kutta method. And choosing smaller integration step to avoid numerical divergence and obtain stable results. Through using waterfall charts, time series, spectrum plots, axes contrails and phase plane portraits, the dynamic characteristics of the rotor-rubber bearing system are explained. Figure 2 shows the waterfall charts of the lateral and torsional vibration responses of rotor-rubber bearing system. When the rotating frequency 1.6Hz  
, the frequency components of the rotor and rubber bearing lateral and torsional vibration responses not only has the rotating frequency but also 1956.6Hz that is corresponding to the rubber bearing torsional natural frequency. And along with the grandual increase of rotating frequency  , the vibration amplitudes of these main frequency components become larger. However, once the rotating frequency is somewhat larger than 1.6Hz, the amplitudes of rotor-rubber bearing system vibration response will suddenly reduce to smaller ones. If the rotating frequency 1.6Hz   , the lateral vibration amplitudes will still increase gradually with the rotating frequency  . Figure 3 illustrates the time series and spectrum plots of the lateral and torsional velocity responses at rotating frequency 0.8Hz. It is easily found that the frequency components of the rotor vibration contain 1956.6Hz that is corresponding to the rubber bearing torsional natural frequency. At lower rotating frequency, the nonlinear friction moment that is depended on the relative velocity will induce the self-excited vibration of rubber bearing, which will arouse the torsional natural frequency of rubber bearing 1956.6Hz. Under the influences of eccentric force, lateral-torsional coupling and interactions of rotor and rubber bearing, the frequency components of the system lateral and torsional vibrations are contain 1956.6Hz that is corresponding to the rubber bearing torsional natural frequency. 
Influence of Rubber Bearing Torsional Damping Coefficient
Damping can reduce the vibration effectively. And any slight change will cause great changes in the dynamic responses of this system. When the torsional damping coefficient of rubber bearing 1 t c increases to 4.2Ns/rad. The waterfall charts of the rotor-rubber bearing system vibration responses are illustrated in Figure 4 . The nonlinear friction moment depending on the relative velocity causes the self-excited vibration of rubber bearing when the rotating frequency 0.8Hz   , the frequency components of the rotor lateral and torsional vibration responses not only contain the rotating frequency but also 1956.6Hz that is corresponding to the rubber bearing torsional natural frequency. In this rotating frequency range, the response amplitudes of main frequency components gradually become larger with rotating frequency  . However, as the rotating frequency just a bit above 0.8Hz, the lateral and torsional vibration amplitudes of the rotor-rubber bearing system will suddenly reduce to smaller ones. When the rotating frequency 0.8Hz
, the lateral and torsional vibration amplitudes will gradually increase as before with the rotating frequency  , it can be found that the rotating frequency range where the self-excited vibration phenomenon will occur is reduced due to the rubber bearing torsional damping coefficient increase. Therefore, the torsional damping coefficient of rubber bearing can effectively restrain the occurrence of self-excited vibration phenomenon at lower rotating frequency. To further investigate the influence of rubber bearing torsional damping coefficient on the formation condition of the rotor-rubber bearing system self-excited vibration, Figure 5 shows the relationship between the torsional damping coefficient of rubber bearing and the critical rotating frequency of self-excited vibration. It can be seen that the rotating frequency range where the self-excited vibration phenomenon will occur is gradually reduced with the increase of rubber bearing torsional damping coefficient. Self-excited vibration (Ns/rad) Figure 5 . Effects of rubber bearing torsional damping coefficient on critical rotating frequency of self-excited vibration.
Conclusions
As the nonlinear friction moment is depended on the relative velocity, the self-excited vibration will occur in rotor-rubber bearing system at lower rotating frequency. Therefore, the frequency components of the rubber bearing torsional vibration will contain 1956.6Hz that is corresponding to the torsional natural frequency of rubber bearing. Under the influences of eccentric force, lateral-torsional coupling and interactions of rotor and rubber bearing, the frequency components of the system lateral and torsional vibrations are all contain rotating frequency and 1956.6Hz that is corresponding to the rubber bearing torsional natural frequency. However, once the rotating frequency is somewhat larger than a certain value, the self-excited vibration will no longer occur, and the responses of rotor-rubber bearing system become more stable and the vibration amplitudes reduce to smaller ones. The torsional damping coefficient of rubber bearing can efficiently inhibit the phenomenon of self-excited vibration. With the increase of the torsional damping coefficient the rotating frequency range of self-excited vibration will diminish. These results may be useful in diagnosing and improving the self-excited vibration of a rotor-rubber bearing system with Velocity-dependent friction model under the lower rotating frequency condition.
